1-Aminocyclopropane-1-carboxylate synthase (ACS) catalyzes the rate-limiting step in the ethylene biosynthetic pathway in plants. The Arabidopsis genome encodes nine ACS polypeptides that form eight functional (ACS2, ACS4-9, and ACS11) homodimers and one nonfunctional (ACS1) homodimer. Transgenic Arabidopsis lines were constructed expressing the b-glucuronidase (GUS) and green fluorescence protein (GFP) reporter genes from the promoter of each of the gene family members to determine their patterns of expression during plant development. All genes, except ACS9, are expressed in 5-d-old etiolated or light-grown seedlings yielding distinct patterns of GUS staining. ACS9 expression is detected later in development. Unique and overlapping expression patterns were detected for all the family members in various organs of adult plants. ACS11 is uniquely expressed in the trichomes of sepals and ACS1 in the replum. Overlapping expression was observed in hypocotyl, roots, various parts of the flower (sepals, pedicle, style, etc.) and in the stigmatic and abscission zones of the silique. Exogenous indole-3-acetic acid (IAA) enhances the constitutive expression of ACS2, 4, 5, 6, 7, 8, and 11 in the root. Wounding of hypocotyl tissue inhibits the constitutive expression of ACS1 and ACS5 and induces the expression of ACS2, 4, 6, 7, 8, and 11. Inducers of ethylene production such as cold, heat, anaerobiosis, and Li 1 ions enhance or suppress the expression of various members of the gene family in the root of light-grown seedlings. Examination of GUS expression in transverse sections of cotyledons reveals that all ACS genes, except ACS9, are expressed in the epidermis cell layer, guard cells, and vascular tissue. Similar analysis with root tip tissue treated with IAA reveals unique and overlapping expression patterns in the various cell types of the lateral root cap, cell division, and cell expansion zones. IAA inducibility is gene-specific and cell type-dependent across the root tip zone. This limited comparative exploration of ACS gene family expression reveals constitutive spatial and temporal expression patterns of all gene family members throughout the growth period examined. The unique and overlapping gene activity pattern detected reveals a combinatorial code of spatio-temporal coexpression among the various gene family members during plant development. This raises the prospect that functional ACS heterodimers may be formed in planta.
The gas ethylene (C 2 H 4 ) has been known since the beginning of the past century to be used by plants as a signaling molecule for regulating a variety of developmental processes and stress responses (Abeles et al., 1992) . These include seed germination, leaf and flower senescence, fruit ripening, cell elongation, nodulation, and wound and pathogen responses. Ethylene production is induced by a variety of external factors, including wounding, viral infection, elicitors, auxin treatment, chilling injury, drought, Cd 21 and Li 1 ions, O 3 , SO 2 , and other pollutants (Yang and Hoffman, 1984; Abeles et al., 1992; Liang et al., 1996; Bleecker and Kende, 2000; Thomma et al., 2001) . Enhancement in ethylene production serves as a signaling mechanism with profound physiological consequences.
Ethylene is biosynthesized from Met, which is converted to S-adenosylmethionine (AdoMet) by the enzyme S-adenosylmethionine synthase. AdoMet is converted by the enzyme 1-aminocyclopropane-1-carboxylate synthase (ACS) to methylthioadenosine and 1-aminocyclopropane-1-carboxylic acid (ACC), the precursor of ethylene (Zarembinski and Theologis, 1994; Bleecker and Kende, 2000; Wang et al., 2002) . ACC is oxidized to CO 2 , HCN, and ethylene by ACC oxidase. ACS is a cytosolic enzyme with a short half life that requires pyridoxal phosphate (PLP) as a cofactor (Yang and Hoffman, 1984; Yip et al., 1990; Bleecker and Kende, 2000) . The activity of ACS is regulated at the transcriptional (Liang et al., 1992; Zarembinski and Theologis, 1994; Bleecker and Kende, 2000; Wang et al., 2002) and posttranscriptional levels (Woeste et al., 1999; Chae et al., 2003; Wang et al., 2004) .
ACS is encoded by a multigene family in every plant species examined (Liang et al., 1992; Zarembinski and Theologis, 1994; Bleecker and Kende, 2000) . In Arabidopsis, the ACS gene family encodes nine polypeptides, of which eight form functional homodimers and one, a nonfunctional homodimer (Arabidopsis Genome Initiative, 2000; Yamagami et al., 2003) . The primary sequence encoded by these genes shows sequence conservation ranging from 50% to 96% amino acid sequence identity with the highest variability at the carboxylic end of the protein (Yamagami et al., 2003) . The variable carboxyl terminus is unimportant for enzyme activity but serves as a regulatory domain responsible for posttranslational regulation of the enzyme (Tatsuki and Mori, 2001; Chae et al., 2003; Wang et al., 2004) .
ACS shares sequence similarity with other PLPdependent enzymes and is most closely related to the subgroup 1 aminotransferases, which includes Asp aminotransferase. ACS contains all 11 invariant residues in this subgroup, including four conserved residues present in all aminotransferases (Mehta et al., 1989; Rottmann et al., 1991) . Complementation studies with ACS mutants have shown that the enzyme functions as a homodimer whose active site is formed from the interaction of residues from the monomeric subunits similar to Asp aminotransferase (Li et al., 1997; . In particular, the Y92 residue that helps in anchoring the PLP cofactor to the ACS apoenzyme interacts with active-site residue K278, which forms a covalent Schiff base with the PLP cofactor from the adjacent subunit. The three-dimensional structure of ACS has confirmed this model (Capitani et al., 1999) and together with available biochemical data explain the catalytic roles of the conserved and nonconserved active site residues (White et al., 1994; .
The biological significance of multigene families in general and of the ACS gene family in particular is unknown. It has been postulated that the presence of ACS isozymes may reflect tissue specific expression that satisfies the biochemical environment of the cells or tissues in which each isozyme is expressed (Rottmann et al., 1991) . For example, if a group of cells or tissues have low concentrations of the ACS substrate, AdoMet, then these cells express a high affinity (low K m ) ACS isozyme. Accordingly, the distinct biological function of each isozyme is defined by its biochemical properties, which in turn define its tissue specific expression. Such a concept enhances the physiological fine-tuning of the cell and demands that the enzymatic properties of each isozyme be distinct. Biochemical characterization of the ACSs supports this proposition (Yamagami et al., 2003) . Since the isozymes are homodimers, the question arises whether their subunits can form functional heterodimers and thus further enhance isozyme diversity. Recently, we have used a complementation assay in Escherichia coli JAde6 for testing the formation of functional heterodimers by intermolecular complementation of K278A and Y92A mutants of various isozymes (Tsuchisaka and Theologis, 2004) . The analysis reveals that the subunits of all isozymes can form heterodimers; however, enzymatically active heterodimers are formed only among isozymes that belong to one or the other of the two phylogenetic branches. This finding suggests that the shared active sites formed between the heterodimeric subunits of the same branch are structurally similar to those of the corresponding homodimers and dissimilar to those from different branches. However, ACS7 is an exception to this rule, as it forms functional heterodimers with some members of both branches when it provides the unmutated ''K278'' residue. ACS1, the nonfunctional isozyme, can also form functional heterodimers with members of its phylogenetic branch when its partners provide the unmutated K278 residue. The ACSs can potentially form 45 homo-and heterodimers of which 25 are functional (8 homodimers and 17 heterodimers). And bimolecular fluorescence complementation (BiFC; Hu et al., 2002) and biochemical coaffinity purification assays show the inactivity of certain heterodimers is not due to the absence of heterodimerization but rather to structural restrain(s) that prevents the shared active sites to be functional. From these results, we proposed that functional heterodimerization enhances the isozyme diversity of the ACS gene family and provides physiological versatility by being able to operate in a broad gradient of AdoMet concentration in various cells/tissues during plant growth and development. It has not yet been determined whether ACS heterodimers are formed in planta.
Here, we present a limited comparative histochemical characterization of Arabidopsis transgenic lines expressing b-glucuronidase (GUS) from each promoter of the ACS gene family members to determine their patterns of expression during growth and development. Such an analysis will facilitate the search for potential formation of ACS heterodimers in planta using BiFC that is currently in progress in our laboratory. The results presented indicate that ACS heterodimers may be formed in planta because various ACS gene family members are expressed in the same cells/ tissues during plant growth and development.
RESULTS

The Construct and Transgenic Lines
To monitor promoter activity of each ACS gene family member during plant growth and development, we introduced into the Arabidopsis genome by Agrobacterium mediated transformation (Clough and Bent, 1998) a double gene construct shown in Supplemental Figure 1 , available at www.plantphysiol.org. The expression pattern of each gene can be monitored using either the E. coli gene uidA encoding GUS (Jefferson et al., 1987) or the green fluorescence protein (GFP; Siemering et al., 1996; Haseloff et al., 1997) as visual markers. Supplemental Figure 2 compares the promoter activity of seven of the nine gene family members in the root of 5-d-old light-grown seedlings using either GUS or GFP. Similar expression patterns are observed with both reporters. The expression of ACS1 and ACS9 is nil in that particular tissue, whereas ACS2, 6, 7, 8, and 11 are expressed in the vascular tissue with different intensities as detected by both reporters. Control plants transgenic for the promotorless GUS gene, do not show any detectable GUS expression (data not shown). Results for the ACS4 and ACS5 genes are not shown in Supplemental Figure 2 because transgenic lines have not been constructed with both reporters. We have used previously made single gene constructs with GUS only as a reporter (R. Dent and A. Theologis, unpublished data). The analysis presented in this study was carried out using GUS as the monitoring reporter because the lab had more experience with this visual marker. In addition the visual intensity of the GFP reporter in some tissues was lower compared with that of the GUS reporter. The background was higher due to tissue autofluorescence. Heterozygous transgenic lines selected among three to five independent transformants for each gene promoter were used during the course of this study. Similar patterns of expression were observed among the various independent transformants (see . T2 lines with the strongest expression were chosen for this analysis. The locations of the transgenes in the Arabidopsis genome are shown in Supplemental Figure 7 .
Expression in Etiolated and Light-Grown Seedlings
First, we studied the expression of ACS genes in 5-dold etiolated and light-grown seedlings after 12 h of histochemical staining. The results are shown in Figures 1 and 2 , respectively. In etiolated seedlings, the expression of ACS2, 4, 6, 7, 8, and 11 is confined to the elongation zone of the hypocotyl, at the embryonic root region, the cotyledons, and the root vascular tissue (Fig. 1) . The expression pattern of ACS5 is similar but of lower intensity ( Fig. 1; compare ACS5 with ACS2, 4, 6, 7, 8, and 11). The ACS1 gene is weakly expressed in the cotyledons and the expression of ACS9 is nil (Fig. 1) . In light-grown seedlings, the expression patterns of ACS2, 4, 6, 7, 8, and 11 are similar but not identical (Fig. 2) . These genes are expressed in the cotyledons, the embryonic root and in the root. ACS8 is the only gene expressed in the root tip. In addition, we see expression of ACS2, 4, 6, 7, 8, and 11 in the primary leaves, and of ACS2, 5, 8, and 11 in the shoot apex (Fig. 3) . The nonfunctional ACS1 is not expressed in the roots, but together with ACS5, is expressed throughout the hypocotyl (Fig. 2) . The expression of ACS9 is also nil in 5-d-old light-grown seedlings (Fig. 2) . Subsequently, we investigated the possibility that the absence of ACS9 expression in 5-dold dark-and light-grown seedlings was due to the developmental regulation of ACS9 gene expression. This idea was reinforced by our previous finding that the ACS9 transcript could be detected in root and silique tissue from 21-d-old light-grown seedlings (Yamagami et al., 2003) . Supplemental Figure 8 compares the expression pattern of ACS9 in 5-, 10-, and 15-d-old light-grown seedlings. ACS9 expression is detected in the leaf blades of 10-d-old seedlings (Supplemental Fig. 8 ). After 15 d, ACS9 expression is detected in all the petioles and leaf blades of younger leaves. Expression of ACS9 is nil in the root (Supplemental Fig. 8 ). Similar expression patterns were observed in various independent ACS9 transgenic lines (Supplemental Fig. 6 ).
ACS Expression in Mature Plants and Their Organs
To investigate the expression of the ACS gene family members in mature plants, we grew them hydroponically for 1 month and subsequently stained them for 12 h. The results are shown in Figure 4 . The expression patterns among the various family members are dissimilar and fall into four classes: ACS1-, ACS6-, ACS9-, and ACS11-like. The ACS6-like class contains all the rest of the gene family members whose expression patterns are shown in Supplemental Figure 9 . ACS1 is expressed in the leaf vascular tissue, central leaf veins, and flower stem (Fig. 4) . ACS9 is barely expressed at this stage of development. ACS11 is expressed in the inflorescence stem, younger leaves, cauline leaves, and in the roots (Fig. 4) . All the members of the ACS6-like class are expressed in the roots, inflorescence stem, siliques, and younger leaves. Next, we examined the expression of the family members in various organs of the mature plants.
Roots
Supplemental Figure 10 shows that all ACS genes except ACS1 and ACS9 are expressed in the maturation zone of the roots and primarily in the vascular tissue. Among the remaining group of genes (ACS2, 4, 5, 6, 7, 8, and 11), ACS5 and ACS11 are the weakest expressors. Interestingly, ACS8 is the only one that is expressed at the root cup of the root tip region.
Rosette Leaves
A close examination of the rosette leaves shows that ACS1 is expressed in the vascular tissue of younger leaves, whereas ACS2, 4, 5, 6, 7, and 8 are primarily expressed in the younger rosette leaves. ACS11 expression is restricted to the trichomes and ACS9 appears to be almost inactive (Supplemental Fig. 11 ).
Flower
A quite diverse expression pattern is observed among the various gene family members. The simplest expression pattern is seen with ACS11, which is expressed in the trichomes of the sepals (Fig. 5) . Quite a few members such as ACS1, 2, 4, 5, and 8 are expressed in the pedicel. The carpel tissue expresses ACS1 and ACS9 at the stigmatic region and ACS2, 4, 5, 6, 7, and 8 at the style. ACS1, 2, 4, 5, 6, 7, and 8 expression can be detected in the filament of the stamen, whereas ACS2, 7, and 8 are also expressed in the anthers. All members except ACS9 and 11 are expressed in the sepals of the flower. Expression of some ACS genes is detected in petals in more advanced stages of flower development (data not shown).
Silique Figure 6 shows the highly localized expression of ACS9 at the style of the silique. A similar, but broader expression pattern is expressed with ACS5. Many ACS members, such as ACS1, 2, 4, 6, 7, and 8, are expressed in the abscission zone and in the valve of the silique. Unique patterns are observed with ACS1, which is expressed in the replum, and ACS7 expressed in the stigmatic tissue. ACS11 is not expressed in the silique (Fig. 6) . Ethylene production is known to be induced by auxin, a variety of stress conditions, such as heat and cold, wounding, and chemicals (Yang and Hoffman, Abeles et al., 1992; Liang et al., 1996; Bleecker and Kende, 2000) . We examined the effect of some of these inducers on the expression of the ACS gene family members in the root tip zone of 5-d-old light-grown seedlings.
Auxin
A well-known inducer of ethylene production is auxin (Yang and Hoffman, 1984; Abeles et al., 1992; Liang et al., 1996; Bleecker and Kende, 2000) , which enhances the transcriptional activity of a set of ACS gene family members (ACS2, 4, 5, 6, 8, and 11; Yamagami et al., 2003) . Figure 7 shows the effect of 20 mM IAA on the expression of the various ACS gene family members. All ACS genes, except ACS1 and ACS9, are expressed constitutively in the root tip of the 5-d-old seedlings, with ACS5 being the least expressed (Fig. 7) . ACS8 is the only one among the various members that is expressed in the root tip (Fig. 7) . IAA treatment not only enhances the expression of the genes that were constitutively expressed (ACS2, 4, 5, 6, 7, 8, and 11) but also alters their pattern of expression (Fig. 7 ; compare the expression pattern with and without IAA). The expression of ACS1 and ACS9 is not affected by IAA. IAA has a localized effect on the expression of ACS7 (Fig. 7) . The hormone alters the pattern of its constitutive expression that is primarily in the vascular zone of the root tip. This gene has not been previously identified as auxin regulated using intact seedlings (Yamagami et al., 2003) .
Wounding
The effect of cutting on the expression of the ACS gene family members was studied in the hypocotyl tissue of 5-d-old light-grown seedlings. The results are shown in Figure 8 and in Supplemental Figure 8 . The expression patterns of the ACS gene family members fall into three groups regarding their expression in the hypocotyl tissue. ACS1/ACS5 are expressed throughout the hypocotyl tissue (Fig. 8) , whereas ACS2, 4, 6, 7, 8, and 11 are expressed only at the basal part of the hypocotyl tissue ( Fig. 8; Supplemental Fig. 12) ; ACS9 is not expressed in the hypocotyl (Fig. 8) . Cutting the hypocotyl tissue where it is indicated with a white line in Figure 8 and Supplemental Figure 8 and subsequent staining the tissues after 4 h from cutting shows the following. Cutting inhibits the expression of the genes that are constitutively expressed in the intact tissue like ACS1 and ACS5 (Fig. 8) and greatly enhances the expression of genes whose expression is nil in the hypocotyl ( Fig. 8; Supplemental Fig. 12 ), such as ACS2, 4, 6, 7, and 8. Cutting has no effect on ACS9 gene expression (Fig. 8 ).
Cold and Heat Treatment
Supplemental Figure 13 compares the expression pattern of the various ACS gene family members in the root tip region of cold and heat treated 5-d-old light grown seedlings. Cold treatment inhibits the expression of ACS5 and ACS11 and also alters the pattern of ACS8 expression (Supplemental Fig. 13 ; compare control with cold treatment). On the other hand, heat enhances the expression of ACS4 and alters the pattern of ACS8 and ACS11 gene expression. The expression of the remaining ACS genes is not altered.
Anaerobiosis
Treatment of 5-d-old light-grown seedlings with N 2 gas for 24 h inhibits the expression of all constitutively expressed ACS gene family member with different degrees of intensity (Supplemental Fig. 13 ). For example, the expression of ACS5, 6, 7, and 11 is completely inhibited, whereas the expression of ACS2, 4, and 8 is reduced considerably (Supplemental Fig. 13 ). The expression of the nonconstitutively expressed genes, ACS1 and ACS9, is nil after N 2 treatment. Lithium treatment alters the expression pattern of ACS2 and ACS8, whereas it induces the expression of ACS5 and inhibits the expression of ACS11 (Supplemental Fig. 13 ). The expression of ACS4 and ACS7 is reduced considerably. The results in Supplemental Figure 13 indicate that the expression of ACS9 is not enhanced by any of the treatments mentioned above. Subsequently, we tested whether these various treatments had any effect on the expression of ACS9 in older seedlings. We found that IAA and lithium treatments induce ACS gene expression in the roots of 15-dold seedlings (Supplemental Fig. 14) .
Cell Specific Expression
The analysis with intact seedlings revealed that many ACS gene family members have overlapping expression patterns. The question arises whether all the cells in the tissues/organs that show overlapping expression patterns also have overlapping expression. We addressed this question by examining transverse sections of cotyledons and hypocotyls of 5-d-old lightgrown seedlings. We also examined transverse sections of the root tip zone treated with or without auxin. The tissue choice for this analysis was based on the suitability of the tissue for cross-sectioning. The results are presented in Figures 9, 10 , and 11, respectively. Figure 2 shows that all the ACS-GUS transgenic lines except ACS9-GUS express GUS reporter in the cotyledons and in various regions of the hypocotyl in 5-d-old light-grown seedlings. To determine more precisely which cells expressed GUS, stained cotyledon and hypocotyl tissues were sectioned and analyzed (the position of sectioning is indicated by a white line on each seedling in Fig. 2 ). Figure 9 shows that GUS expression of all genes, except ACS1 (ACS1 is expressed in the vascular tissue) and ACS9, is restricted in the epidermal cell layer, guard cells, and the vascular bundles (Fig. 9, left column) . The expression of the ACS genes is nil in the mesophyll cells. Figure 9 also shows that GUS activity is restricted primarily in the vascular tissue of the 5-d-old hypocotyl for all ACS genes except ACS1 and ACS9 for which expression is nil (Fig. 9, right column) . The expression of ACS2, ACS7, and ACS8 extends beyond the vascular zone to some layer of the parenchymatic tissue (Fig. 9 , right column). Closer investigation of the GUS expression in the guard cells at higher magnification shows that all ACS gene family members (except ACS1 and ACS9) are expressed in the guard cells (Fig. 10) .
Next, we examined the cell specific expression of the ACS gene family members by sectioning the root tip of stained control and IAA treated 5-d-old light-grown seedlings (the location of the tissue cross-sectioning shown in Fig. 7) . Three different zones were examined: lateral root cap, cell division, and cell expansion (Dolan et al., 1993 (Dolan et al., , 1994 Dolan and Davies, 2004) .
The results are shown in Figure 11 . Unique and overlapping patterns of ACS gene expression were observed in these three zones. Exogenous IAA induces the expression of various ACS genes (ACS6, 7, 8, and 11) in specific cell layers in these three root tip zones. Specifically, among the various ACS genes ACS8 is uniquely expressed in the lateral root cap zone. Very weak expression is also seen in the second cell layer of the lateral root cap zone (Fig. 11) . Exogenous IAA enhances the preexisting ACS8-GUS expression in lateral root cap zone and greatly induces its activity in the second layer of the root cap zone. Moving upwards to the cell division zone, we only see expression of ACS2, which is restricted in the protoxylem cell files (Fig. 11) . IAA treatment does not affect ACS2 expression; however, it induces the expression of ACS7 in the epidermis of the cell division zone, ACS8 in the lateral root cap, epidermis, and protoxylem, and ACS11 is induced in all cell types of the cell division zone.
Moving further upstream in the cell expansion zone, we see ACS2 expression in the endodermis, pericycle, procambium, protophloem, and protoxylem; IAA neither affects the pattern of expression nor enhances its intensity. ACS4 is primarily expressed in the procambium, protoxylem, and protophloem cell files, and in the presence of auxin the GUS expression is detected in endodermis (a few cells), pericycle, procambium, protoxylem, and protophloem. We observed weak expression of ACS5 in protoxylem that is not affected by auxin. ACS6 is expressed in protoxylem and in the presence of auxin the GUS expression is detected in endodermis (a few cells), pericycle, procambium, protoxylem, and protophloem. ACS7 is expressed primarily in protoxylem, and upon IAA treatment its expression is reduced. ACS8 is expressed at low level in protoxylem, and IAA treatment results in strong expression in all cell layers of this zone. The expression of ACS9 is nil in this zone in the presence and absence of IAA. Finally, ACS11 behaves similarly to ACS8, but its expression intensity is higher (Fig. 11) .
The unique expression of ACS8 in the root cap zone in the presence and absence of auxin was further investigated in great detail by serial sectioning in a direction moving away from the tip. The results are shown in Figure 12 . The expression of ACS8 is highly restricted in the root cap cells and the first cell layer of the lateral root cap. The columella cells do not express ACS8. Auxin enhances the constitutive expression of ACS8 but also induces its activity in the second cell layer of the lateral root cap. These results clearly demonstrate that the effects of ACS8 shown in Figure  11 in the absence or presence of auxin are not due to a difference in the sectioning regions of the treated and untreated tissue. The absence of ACS8-GUS expression in the second layer of the lateral root cap is attributed to the suboptimal auxin concentration for transcriptional activation in the untreated tissue (Figs. 11  and 12 ).
DISCUSSION Ethylene and Plant Growth and Development
As part of a continuing effort to elucidate the molecular details of ethylene biosynthesis at the level of the ACS, we examined the spatio-temporal expression patterns of the Arabidopsis ACS gene family members during Arabidopsis plant growth and development. We introduced into the Arabidopsis genome promoter GUS or GFP fusions that also contain DNA sequences located 3# of the protein coding region to ensure cell and tissue specific expression (Dietrich et al., 1992) . This visual global comparative and qualitative exploration of GUS expression patterns implies transcriptional activation of the endogenous ACS gene family members in specific tissues and cells throughout development. Ten years ago, a similar analysis was performed with ACS2, one of the first Arabidopsis gene family members to be cloned (Rodrigues-Pousada et al., 1993) . The results are very (Harvey and Rose, 1915; Goeschl et al., 1966 Goeschl et al., , 1967 Smith and Robertson, 1971; Bucher and Pilet, 1982; Eisinger, 1983; Osborne et al., 1985; Guzman and Ecker, 1990; M.B. Jackson 1991; Osborne, 1991; Raskin, 1991; Schiefelbein and Benfey, 1991; Abeles et al., 1992; Kieber et al., 1993; Smalle et al., 1997; Achard et al., 2003; Dolan and Davies, 2004) . Differential expression patterns among the various members were detected in response to wounding and various stress conditions. The findings reinforce once more the view of the central role of ethylene in a variety of physiological and developmental processes throughout the plant life cycle. A striking feature of ACS gene family expression is its overlapping pattern detected in the guard cells of the stomata. Surprisingly, very little is known about the role of ethylene in stomata physiology (Serna and Fenoll, 1997) . The exploration also revealed that among the nine gene family members, ACS9 has the most limited expression repertoire. The precise biological function of each ACS gene family member will be defined in the future by single or higher order loss-of-function mutations. The results of this analysis have the potential to serve as a guide during the exploration of the biological consequences of loss-of-function mutations for each ACS isozyme. If ethylene is an essential element for plant development, the expectation will be that the construction of a null Arabidopsis plant for all ACS gene family members will be lethal. However, the possibility exists that nonlethality may suggest that an as yet unidentified gaseous ligand is sensed by the ethylene receptors. It is of great interest that a penta-ACS mutant is healthy, taller, and lives longer (Tsuchisaka and Theologis, unpublished data). The verdict on the essential role of ethylene on plant growth and development will await the construction of an enneadmutant. The current exploration also indicates the urgent need for development of high throughput technologies for monitoring in planta gene expression patterns of gene family members simultaneously throughout development. New technology is needed for creating a ''movie'' rather than simply ''snapshots'' (Birnbaum et al., 2003; Scheres et al., 2004) .
Auxin and ACS
Auxin regulated ethylene production is one of the best known hormone interactions in plant biology (Yang and Hoffman, 1984; Abeles et al., 1992) . Many auxin effects have been attributed to be mediated by ethylene (Abeles et al., 1992; Klee and Romano, 1994) . The well-known tomato dgt mutant supports this view. It is defective in sensing auxin for enhancing ethylene production necessary for proper root gravitropic response (Bradford and Yang, 1980) . Auxin induced ethylene production is due to transcriptional enhancement of the ACS genes (Bleecker and Kende, 2000) . Reverse transcription-PCR analysis with RNA from auxin treated etiolated Arabidopsis seedlings identified Figure 12 . Expression of ACS8 in the lateral root cap zone of the primary root. GUS activity staining in several transverse sections (8 mm) of the primary root tip is shown for a 5-d-old light-grown transgenic for ACS8-GUS/GFP. The numbers show the order of sectioning away from the root tip.
six auxin regulated ACS gene family members (ACS2, 4, 5, 6, 8, and 11; Yamagami et al., 2003) . The results presented here confirmed this observation and also added two additional members in the list of auxin regulated genes, ACS7 (Figs. 7 and 11) and ACS9 (Supplemental Fig. 14) . ACS1 is the only one not yet found to be regulated by IAA. It is of great interest that all ACS genes, except ACS1, are induced by short treatment by cyclohexamide (Yamagami et al., 2003) . This suggests that all auxin-regulated ACS gene family members are under the control of a fast turning over repressor(s) molecule. This type of transcriptional regulation is reminiscent of that seen for the Aux/IAA proteins (Abel et al., 1995a; Koshiba et al., 1995; Abel and Theologis, 1996) . The prospect arises that the putative repressor(s) of the auxin-regulated ACS gene family members are the Aux/IAA proteins. Auxin induced ACS4 gene expression is inhibited by the axr1-12 and axr2 mutations (Abel et al., 1995b) , components of the Aux/IAA-auxin response factor signaling apparatus (Frugis and Chua, 2002; Dharmasiri and Estelle, 2004) .
The results of cell specific expression of the various ACS genes in the root tip region in response to auxin revealed the complexity of the ACS gene expression at the level of the individual cells by the hormone. The auxin inducibility is not only gene specific, but also cell type specific (Fig. 11) . The possibility exists that the inability of certain root cell types to induce various ACS genes in response to auxin may be due to the absence of expression of specific Aux/IAA or ARF genes responsible for transcriptional enhancement of specific ACS gene family members. If indeed all ACS gene family members (except ACS1) are under the control of the Aux/IAA-ARF signaling apparatus, it must also sense other signaling pathways that are responsible for transcriptional activation of ACS genes (stress, N 2 , Li 1 , disease resistance, etc.). The sensing mechanism may be the activation of the proteolytic pathway for the degradation of the Aux/IAA repressors. Whereas transcriptional regulation of ACS gene family members is central for enhancement of ethylene production, recent findings indicate the central role of ACS protein turnover as a key regulator of ethylene production in plants (Chae et al., 2003; Wang et al., 2004; Woeste et al., 1999) . The steady-state levels of ethylene production during plant development in individual cells and tissues must be regulated by a ''sensor,'' which controls the transcriptional and posttranscriptional regulation of ACS gene family members by various signaling pathways.
Unique and Overlapping Patterns of Expression: Implications
A major discovery of the Arabidopsis genome sequencing project was the finding that many gene products encode isoforms of the same polypeptide (Arabidopsis Genome Initiative, 2000) . While the various ACS isozymes catalyze the same biochemical 
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Theo-At-ACS11-GUS/GFP a The lines are homozygous for the insertion, except ACS7.
reaction, it is not known whether their biological function(s) are distinct or overlapping. Genetic evidence (Vogel et al., 1998) and evolutionary considerations (Nowak et al., 1997) support the view that each member of the ACS gene family may have a distinct biological function. It has been suggested that tissue specific expression of a particular ACS isozyme satisfies the biochemical environment of the cells and tissues in which each isozyme is expressed (Rottmann et al., 1991) . According to this view, the distinct biological function of each isozyme is defined by its biochemical properties. Such a concept enhances the physiological fine-tuning of the cell and demands that the enzymatic properties of each isozyme be distinct (Graur and Li, 2000) . The results presented herein as well as the recent biochemical characterization of the eight functional isozymes (Yamagami et al., 2003) support this proposition. ACS is a homodimer with shared active sites (Li et al., 1997; . Intermolecular complementation experiments in E. coli provided evidence of functional heterodimeric interactions among the various ACS gene family members (Tsuchisaka and Theologis, 2004) . These findings raise the question of where similar interactions take place in planta. A prerequisite for ACS heterodimer formation in planta is the existence of overlapping expression among various ACS gene family members. The results presented in this communication provide strong support for potential ACS heterodimer(s) formation in specific cells and tissues.
Overlapping gene expression patterns provide potentially additional metabolic flexibility in individual cell tissue if the heterodimers formed have different biochemical properties than the corresponding homodimers. We do not yet know whether the enzymatic properties of the various heterodimers are distinct. This is a task for the future. The capacity of the various isozymes to form active heterodimers further enhances the biochemical diversity of the ACS gene family. It provides an extensive repertoire of ACS isozymes capable of operating under a very broad spectrum of AdoMet concentration during the plant cycle (Graur and Li, 2000) . Gene redundancy provides biochemical and metabolic flexibility. The driving force for conducting the analysis presented in this communication was to determine whether overlapping gene expression patterns can be detected among the ACS gene family members. It is a pilot experiment that will serve as a beacon during our exploration for ACS heterodimer formation using BiFC which currently is in progress in our laboratory.
Utility of Resources Generated
The resources generated during the course of this study together with the available ACS open reading frame (ORF) clones (Yamagami et al., 2003) , and the T-DNA insertion lines (Borevitz and Ecker, 2004) constitute a complete set of molecular genomic tools for future functional and proteomics research in ethylene biosynthesis and of the ACS gene family in particular. These tools have been deposited in the ABRC (http:// www.biosci.ohio-state.edu/plantbio/Facilities/abrc / abrchome.htm) and are available without any restrictions to the entire plant biology community worldwide. The transgenic lines have the potential to provide useful information on the regulation of each ACS gene family member by a variety of signaling pathways (Alonso and Ecker, 2001; Thomma et al., 2001; Wang et al., 2002) . Genetic crosses of the ACS-GUS lines with known mutants that affect the pathway have the potential to define the signaling pathways sensed transcriptionally by each ACS gene family member. For example, it is not yet known which ACS gene(s) are transcriptionally regulated by ethylene positively or negatively (Yang and Hoffman, 1984) . The observation that the ethylene response mutants overproduce ethylene (Guzman and Ecker, 1990) suggests the presence of a molecular link between ethylene perception and biosynthesis. The link may affect ACS gene transcription, ACS protein stability, or both. Genetic crosses of the ACS-GUS/GFP or ACS-GUS/ GFP-ACS ORF fusion lines with ethylene response mutants have the potential to identify genetically the ACS gene family members that communicate with the ethylene signaling apparatus. The lines may also be used as visual markers for various developmental studies as well as for reverse genetic screens to isolate mutations for trans acting factors responsible for the regulation of each family member to various inducers (Susek et al., 1993; Oono et al., 1998) . Similar resources have to be generated for all the genes of the Arabidopsis genome (Arabidopsis Genome Initiative, 2000) . A complete set a promoters, 3# untranslated regions, and ORF clones will allow the new generation of plant biologists to carry out functional and proteomics experiments on a global scale. The days of one by one belong to the past.
MATERIALS AND METHODS
Enzymes and Chemicals
Restriction and DNA modifying enzymes were obtained from New England Biolabs (Beverly, MA) and Roche Diagnostics (Indianapolis). All other chemicals used for biochemical analysis were of analytical grade and purchased from Sigma-Aldrich (St. Louis). Oligonucleotides were purchased from Operon Technologies (Alameda, CA) or synthesized in house with a polyplex oligonucleotide synthesizer (GeneMachines, San Carlos, CA).
Plant Material and Treatment
Arabidopsis ecotype Columbia was used throughout this study. Onemonth-old plants were grown as described in the manual of the Arabidospsis Biological Resources Center (ABRC) and used for transformation. All seeds were surface sterilized for 8 min in 5% NaOCl and 0.15% Tween 20, rinsed excessively in distilled water, and cold treated at 4°C for 2 d by plating them on plates containing Murashige and Skoog medium containing 0.8% Select agar (Life Technologies, Rockville, MD), 0.5 mM MES, pH 5.7, 1% Suc, 13 B5 vitamins with 100 mg/mL gentamicin, and 100 mg/mL carbenicillin. The cold treated seeds were subsequently germinated under various conditions to obtain transformed seedlings or mature plants for experimentation.
Mature T2 transgenic plants were grown hydroponically for determining GUS expression in roots as follows. Gentamicin resistant seedlings were obtained by germinating seeds at 25°C under 16-h-light/8-h-dark cycle for 10 d. The seedlings were placed in the hydroponic culture solution (Baba and Takahashi, 1979; 1 L) . The dilution ratio is: A, 1:500; B, 1:500; C, 1:1,000. The pH was adjusted to 5.7 with NaOH. The culture solution was aerated with a fish-tank pump and refilled daily. It was replaced with fresh solution weekly. The plants were grown in a greenhouse at 25°C under a 16-h-light/8-h-dark light cycle.
Five-day-old light-grown T2 transgenic seedlings were obtained by incubation of seeds at 25°C under a 16-h-light/8-h-dark light cycle. IAA treated seedlings were obtained by placing them on top of MS plates containing 20 mM IAA, and incubating for 24 h under the conditions described above. Similarly, cold and heat treated seedlings were obtained by placing them on Murashige and Skoog plates and incubating at 4°C and 37°C, respectively, for 24 h under light conditions described above. LiCl treated seedlings were obtained by placing them on MS plates containing 50 mM LiCl and incubating at 25°C for 24 h. Anaerobiotically treated seedlings were obtained by treating 5-d-old seedlings with N 2 for 24 h at 25°C. Wounding experiments were carried out by cutting hypocotyls in the middle with a razor blade and incubating the cut tissue for 4 h at 25°C.
Molecular Biology Details
The construction of the transgenes used in this study is described in the supplemental data.
Histochemical GUS Assay
Histochemical assays of GUS activity in transgenic lines were performed as described (Jefferson et al., 1987) . Treated seedlings or adult plants were incubated at 37°C in 100 mM sodium phosphate pH 7.5, 0.5 mM potassium ferrocyanide, 0.5 mM potassium ferricyanide, 10 mM EDTA, and 0.1% Triton X-100 containing 1 mM 5-bromo-4-chloro-b-D-gluclonide. Incubation times varied from 2 to 12 h following vacuum infiltration. Subsequently, the samples were then transferred to 70% ethanol to remove the chlorophyll.
Tissue traverse sections were prepared as follows: Stained samples were infiltrated with a series of ethanol, Histoclear (National Diagnostics, Atlanta, GA), Paraplast X-tra (Kendall, Mansfield, MA) solutions as previously described . Ribbons of 8-to 20-mm sections were cut on a rotary microtome (MICROM HM340; Carl Zeiss, San Leandro, CA), floated on 42°C water in the water bass for about 10 min, and transferred to slides and dried overnight on a 42°C block. Sections were dewaxed with Histoclear and mounted permanently with Hydromount Aqueous Non-Fluorescing Mounting media (National Diagnostics, Atlanta).
Imaging of Green Fluorescence in Plants
Five-day-old seedlings were placed in a drop of water on a glass slide, and directly examined with an Axioplan Zeiss Fluorescence Microscopy system (Zeiss, Jena, Germany) with SPOT 2.2 software (Diagnostic Instruments, Sterling Heights, MI). The excitation filter was D480/30, the emission filter was D535/40, and the beamsplitter was 505dclp (Chroma Technology, Rockingham, VT).
Mapping the Insertion Sites of the GUS/GFP Transgenes
We used thermal asymmetric interlaced PCR for mapping the integration site of the ACS promoter-GUS/GFP-3# fusions in the transgenic lines following the procedure described by Liu and Whitter, 1995) and McElver et al. (2001) . The primers are shown in the supplemental data. Table I shows the plasmids and transgenic lines that have been deposited in the ABRC (http://www.biosci.ohio-state.edu/plantbio/Facilities/abrc/ abrchome.htm) in order for the rest of the plant community to be able to use the resources generated in this study without any restrictions.
Genomic Resources
Sequence data from this article have been deposited with the EMBL/ GenBank data libraries under accession numbers AY680407 to AY680424.
